Most of the previously reported research carried out on the optical properties of condensed matter, including well-known optical absorption and inelastic light scattering, made use of a weak probe field as a perturbation to the system under investigation [1] . In this weakcoupling limit, the optical response of electrons depends only on the material characteristics.
However, with increased field intensity, the optical properties of materials are found to depend nonlinearly on the strength of the external perturbation [2] .
Strong photon-electron interaction in semiconductors is known to produce dressed states [3] [4] [5] with a Rabi gap for electrons and create substantial nonlinearity in the semiconductor [6] [7] [8] . The presence of an induced polarization field, treated as a source term [9] arising from photo-excited electrons in metals, allows for a resonant scattering of surface plasmon-polariton waves [10] . This is quite different from the non-resonant scattering of surface plasmon-polariton waves by a localized dielectric surface defect [11, 12] or by surface roughness [13] .
In this Letter, based on the obtained analytical solution [14, 15] for the Green's function of the coupled quantum dot and semi-infinite metallic material system, we report for the first time our semi-analytic solutions of the self-consistent equations for strongly coupled electromagnetic field dynamics and quantum kinetics of electrons in a quantum dot above the surface of a thick metallic film. In our formalism, strong light-electron interaction is manifested in the photon-dressed electronic states and in the feedback from induced optical polarization of dressed electrons to the incident light as well. Our calculated results predict a strong resonant peak in the scattering field spectrum, which is accompanied by two side valleys at the same time. Furthermore, we have discovered that the peak height varies nonlinearly with the amplitude of the surface plasmon-polariton waves. This clearly demonstrates the effect due to feedback dynamics from photon-dressed electron-hole (eh) plasma inside quantum dots. In addition, this unique observation in the scattering field spectrum is proven to be correlated with a resonant dip observed in the absorption spectrum [10] of surface plasmon-polariton waves which can be directly attributed to an effect of the inter-band photon-dressing of electronic states.
Our model system consists of a semi-infinite metallic material and a semiconductor quantum dot above its surface. A surface plasmon-polariton (SPP) wave is locally excited through a surface grating by a normally-incident light. This propagating SPP wave further excites an inter-band e-h plasma within the quantum dot. The induced local optical polarization field of the photo-excited e-h plasma is resonantly coupled to the SPP wave to produce a splitting in degenerate e-h plasma and SPP modes with an anti-crossing gap.
By using the Green's function G µν (r, r ′ ; ω), we may express Maxwell's equation for the electric field component E(r; ω) of an electromagnetic field in a semi-infinite non-magnetic medium in position-frequency space as a three-dimensional integral equation, i.e.,
where E (0) (r; ω) is a solution in the absence of semiconductor quantum dots, r = (
is a three-dimensional position vector, ω is the angular frequency of the incident light, ǫ 0 and c are the permittivity and speed of light in vacuum, P loc (r; ω) is an off-surface local polarization field that is generated by optical transitions of electrons in a quantum dot, which generally depends on the electric field in a nonlinear way and should be determined by the optical Bloch equations. Additionally, the position-dependent dielectric constant
given by ǫ M (ω) for the semi-infinite metallic material in the region x 3 < 0.
By assuming a surface plasmon-polariton wave propagating within the x 1 − x 2 -plane, we
can write
where x = {x 1 , x 2 },k 0 andx 3 are the unit vectors in the k 0 = k 0 (ω sp ){cos θ 0 , sin θ 0 } and x 3
directions, E sp is the field amplitude, ω sp is the field frequency, θ 0 is the angle of the incident surface plasmon-polariton wave with respect to the
position vector of the center of a surface grating, and the two wave numbers in Eq. (2) are given by
and
with Re[k 0 (ω sp )] ≥ 0 and Re[β 3 (k 0 , ω sp )] ≥ 0. Here, the in-plane wave vector k 0 is produced by the surface-grating diffraction of the p-polarized normally-incident light, which in turn determines the resonant frequency ω sp of the surface plasmon-polariton mode.
In order for us to explicitly determine the electric field dependence for P loc (r; ω), we now turn to the quantum kinetics of electrons in a quantum dot. Here, the optical polarization field P loc (r; ω) plays a unique role in bridging the gap between the classical Maxwell's equations for electromagnetic fields and the quantum-mechanical Schrödinger equation for electrons. The quantum kinetics of electrons in photo-excited quantum dots should be adequately described by the so-called semiconductor Bloch equations [6] [7] [8] which are a generalization of the well-known optical Bloch equations in two ways, namely the incorporation of electron scattering by impurities, phonons and other electrons, as well as the many-body effects on dephasing in the photo-induced optical coherence.
For photo-excited spin-degenerate electrons (holes) in the conduction (valence) band, their semiconductor Bloch equations with ℓ(j) = 1, 2, · · · are given, within the rotatingwave approximation, by
where R sp is the spontaneous emission rate, which should be calculated by using the KuboMartin-Schwinger relation [16] and including band gap energy and interband dipole moment renormalizations, and n e(h) ℓ(j) represents the electron (hole) level population. In Eq. (5), the Boltzmann-type scattering term for non-radiative energy relaxation of electrons (holes) is ∂n
are the scattering-in and scattering-out rates for electrons (holes), respectively, and should be calculated by including carrier-carrier and carrier-(optical) phonon interactions. Moreover, we know from Eq. (5) that the total number N e(h) (t) of photo-excited electrons (holes) is conserved.
The induced optical polarization in the semiconductor Bloch equations with ℓ(j) = 1, 2, · · · satisfies the following equations for a spin-averaged e-h plasma, i.e.,
where Y j ℓ represents the induced interband optical coherence,hγ 0 =hγ eh +hγ ext is the energy level broadening (due to finite carrier lifetime plus the radiation loss of an external evanescent field), ε e(h) ℓ(j) (ω|t) is the kinetic energy of dressed single electrons (holes) (see supplementary materials). In Eq. (6), the diagonal dephasing of Y j ℓ , the renormalization of interband Rabi coupling, the renormalization of electron and hole energies, as well as the exciton binding energy, are all taken into account. Since the e-h plasma is not spin-dependent, they may be excited by both left and right circularly polarized light. The off-diagonal dephasing of Y j ℓ has been neglected due to low carrier density in quantum dots. In Eqs. (5) and (6), we have introduced the Coulomb matrix elements V
and V eh ℓ,j;j ′ ,ℓ ′ , for electronelectron, hole-hole and e-h interactions, respectively.
The steady-state solution of Eq. (6), i.e., subject to the condition that dY j ℓ /dt = 0, has been obtained as
where the photon and Coulomb renormalized interband energy level separationhΩ
and the matrix elements employed in Eqs. (5) and (6) for the Rabi coupling between photoexcited carriers and an evanescent pump field E(r; t) = θ(t) E(r; ω) e −iωt are given by
In this notation, θ(x) is the Heaviside unit step function, the static interband dipole moment denoted by d c,v is given by [17, 18] (see supplementary materials)
where u c (r) and u v (r) are the Bloch functions associated with conduction and valence bands at the Γ-point in the first Brillouin zone of the host semiconductor, and the effective electric field coupled to the quantum dot is evaluated by
where ψ e(h) ℓ(j) (r) is the envelope function of electrons (holes) in the quantum dot. Next, the photo-induced interband optical polarization P loc (r; ω) by dressed electrons in the quantum dot is given by [2]
where the profile function |ξ QD (r)| 2 comes from the quantum confinement inside a quantum dot.
In our numerical calculations, we chose the quantum dot dimensions as 210Å and 100Å
for along the x and y directions, respectively, m dot [16] , the scattering field |E tot − E sp | of the SPP wave, and the energy-level occupations for electrons n ℓ,e and holes n j,h with ℓ, j = 1, 2 as functions of the frequency detuning ∆hω sp ≡hω sp − (E G + ε 1,e + ε 1,h ) with bare energies ε 1,e , ε 1,h for ground-state electrons and holes. A dip is observed at resonance ∆hω sp = 0 in the upper-left panel, which becomes deeper with decreasing amplitude E sp of the SPP wave in the strong-coupling regime due to a reduction of saturated absorption. However, this dip disappears when E sp drops to 25 kV/cm in the weak-coupling limit due to the suppression of the photon dressing effect, which is accompanied by a one-order of magnitude increase in the absorption-peak strength.
The Rabi oscillations between the first electron and hole levels).
Although the interband dipole moment of a quantum dot is isotropic in space, the scattering field (see Fig. 2 with E sp = 150 kV/cm) in the x direction (upper panel) and in the z direction (lower panel) are still different due to the presence of a metallic surface perpendicular to the z direction in our system. However, this isotropic intensity distribution is mostly recovered at ∆hω sp = 0. Specifically, the scattering field in the z direction is one order of magnitude larger than that in the x direction. The field pattern in the lower panel tends to spread in the z direction, while the pattern in the upper panel distributes in the x direction.
From this figure, we also find that the intensities in both panels follow the pattern of strongweak-strong-weak-strong as the frequency detuning is swept across ∆hω sp = 0, which agrees with the observation of the scattering field at the quantum dot in the upper-right panel of Color maps for the scattering field around a quantum dot displayed in Fig. 2 are for strong coupling between the dot and an SPP wave. We present in Fig. 3 the scattering field maps in the weak-coupling regime, where the strong-weak-strong-weak-strong pattern in the strongcoupling regimes has been changed to a weak-strong-weak pattern. Moreover, the SPP-wave frequency for the resonant scattering field has been shifted from ∆hω sp = 0 to ∆hω sp = 1 meV, demonstrating a positive depolarization shift of the optical excitation energy, as may be verified from the upper left-hand panel of Fig. 1 . However, this depolarization effect is completely masked by the occurrence of a local minimum at E sp = 150 kV/cm.
In conclusion, for a strong SPP wave, we have demonstrated the unique effect of its resonant scattering by a dynamical semiconductor quantum dot very close to the metal/dielectric interface. We have also predicted correlation between a resonant peak in the scattering field spectrum and a resonant local minimum in the absorption spectrum of the SPP wave.
In this Letter, we only investigated the coupling between an SPP wave and a single 
which is same for both electrons and holes, and the eigenstate energy associated with Eq. (A2) is
where the quantum numbers n 1 , n 2 , n 3 = 1, 2, · · ·.
By using the calculated bare energy levels in Eq. (A4), the dressed electron (λ e α ) and hole (λ h α ) energy levels under the rotating wave approximation take the form of
where the composite index α = {n 1 , n 2 , n 3 }. Moreover, we get the energy levels of dressed electrons in the lab frame, i.e., ε 
Furthermore, the direction of the dipole momentê d is determined by the quantum-dot energy levels in resonance with the photon energyhω. 
